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ABSTRACT

In the Account given herein, it has been shown that silylative coupling
of olefins, well-recognized as a new catalytic route for the activation
of =C-H bond of olefins and =C-Si bond of vinylsilicon compounds
with ethylene elimination, can be extended over both other vinyl-
metalloid derivatives (=C-E) (where E = Ge, B, and others) as well as
the activation of =C-H, =C,,;~H, and -O-H bond of alcohols and
silanols. This general transformation is catalyzed by transition-metal
complexes (mainly Ru and Rh) containing or initiating TM-H and/or
TM-E bonds (inorganometallics). This new general catalytic route for
the activation of =C-H and =C-H as well as =C-E bonds called
metallative coupling or trans-metalation (cross-coupling, ring-closing,
and polycondensation) constitutes an efficient method (complemen-
tary to metathesis) for stereo- and regioselective synthesis of a variety
of molecular and macromolecular compounds of vinyl-E (E = Si, B,
and Ge) and ethynyl-E (E = Si and Ge) functionality, also potent
organometallic reagents for efficient synthesis of highly zz-conjugated
organic compounds. The mechanisms of the catalysis of this de-
ethenative metalation have been supported by equimolar reactions
of TM-H and/or TM-E with initial substances and reactions with
deuterium-labeled reagents.

1. Introduction

Organic derivatives of metalloids, such as silicon, boron, and
germanium, make a group of the so-called organometallic
compounds. However, these metalloids (p-block elements)
can also replace the carbon atom in metal-carbon bonding,
forming real metal-nonmetal bonding. Such compounds are
the subjects of a new field of study called “inorganometallic
chemistry”."? The triangle (Figure 1) illustrates the relation
between organometallic (mainly organotransition-metal),
hetero-organic, and inorganometallic chemistry.

The formation and breaking of the transition-metal-
carbon (TM-C) bond plays a decisive role in catalytic reac-
tions of organic compounds, which, in the second half of the
20th century, became a milestone in synthetic organic chem-
istry. On the other hand, the reactivity of inorganometallic
species, particularly those involving the transition-metal
p-block metal (TM-E) bond, is of key importance in most
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FIGURE 1. Relation between organotransition-metal, hetero-organic,
and inorganometallic chemistry.
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conversions of the p-block element derivatives catalyzed by
TM complexes (for a recent review, see ref 2). They lead to
selective synthesis of a variety of hetero-organic and orga-
nometallic molecular and macromolecular compounds form-
ing a carbon-heteroatom (C-E) bond, such as hydrometa-
lation (hydrosilylation, dehydrogenative silylation, hydrostan-
nylation, hydroboration, and hydrophosphinylation) and bis-
metalation, aswell as E-Eand E-E' bonds, e.g., dehydrocoupling.
The results of mechanistic studies indicate that such pro-
cesses proceed in the presence of catalytic species containing
initially or generated in situ TM-H and TM-E bonds. All of
the final products of such transformations, i.e., those involv-
ing the E-C, E-E, and E-E' bonds, play a fundamental role
in advanced organic and polymer synthesis, particularly if
followed by the cross-coupling reactions with organic frag-
ments, usually catalyzed by palladium complexes.

In the last 2 decades, we have developed a new type of
TM-catalyzed reaction of vinyl-substituted organosilicon
compounds with a variety of olefins, called the silylative
coupling (SC) or trans-silylation, taking place in the presence
of complexes containing or generating M-H and M-Si (silico-
metallics) bonds (for a recent review, see ref 3). While silyl-
ative coupling has become a very valuable synthetic tool in the
preparation of vinyl-substituted organosilicon reagents and poly-
mers, this mode of reactivity has been recently found to be
general and also exhibited by vinyl derivatives of other p-block
elements (e.g., boron and germanium). It has also been
extended to catalytic activation by such vinylmetalloids (mainly
vinylsilicon) as =CjynyH,* =C,ry-H,” and even -O-H bond
of alcohols® and silanols,” indicating a new general role of
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vinylmetalloid compounds as metalation agents and hydro-
gen acceptors. Thus, in this Account, we are presenting
recent results on the general activation of mainly sp?- and
sp-hybridized carbon-hydrogen bonds by vinylmetalloid
compounds CH,=CH-E catalyzed by TM (mainly Ru, Rh,
Co, and Ir) complexes containing or generating M-H and
M-E (inorganometallics) bonds. This reaction occurs ac-
cording to the following general equation (eq 1):

«_ERy ) [T™M]
= " + E“H

RnE—E' + =
E=Si,B,Ge; E—H = =C-H =C-H, =>C-OH, —si-OH

We also review the mechanistic aspects of all of the catalytic
processes described, supported by equimolar reactions of
TM-E with substrates and reactions with deuterium-labeled
reagents. Additionally, we present application of these reac-
tions to the synthesis of a variety of linear and cyclic
organometalloid (mainly organosilicon) compounds as po-
tent intermediates in organic synthesis and as precursors of
optoelectronic materials.

Silylative Coupling (trans-Silylation) of
0Iefm¥ with mer3| agmgs / )

In 1984, we reported the first effective example of self-

metathesis (disproportionation) of vinyl-substituted silicon

compounds catalyzed by ruthenium complexes (eq 2)
__SRs  RuCl(PPhy); _SRs | RS

2

RS RsSI

It opened a new route of great synthetic importance and
allowed us to synthesize a series of unsaturated silicon com-
pounds in high yield (>70%) (for a review, see refs 3 and 8).
Experiments performed at that time with ill-defined
catalysts did not distinguish between the reaction involv-
ing ruthenium carbene intermediates and/or the non-
metallacarbene mechanisms. We assumed the following
mode of generation of carbene complexes in ruthenium
precursor/vinylsilane systems (eq 3):

H,C=CHSiR; === HC=CHSiR; =~—= H(|3|—CHZSiR3

| 3)

[Ru] [Ru]—H [Ru]

Subsequent experiments have shown that, in the reaction
referred to as “the metathesis” of vinylsilanes, instead of
the C=C bond cleavage (formally characterizing alkene
metathesis), the silylative coupling takes place in the
presence of complexes containing or generating M-H and
M-Si bonds (where M = Ru, Rh, Co, and Ir).

The mechanisms of silylative coupling proposed by
Wakatsuki et al.” (corrected for Ru complexes by our
group'®) and proposed for other metal complexes, such
as Rh'! and Co,'? proceeded via insertion of vinylsilane
into the M-H bond and §-Si transfer to the metal with
elimination of ethylene to generate M-Si species, followed
by insertion of alkene (vinylsilanes in homocoupling) and
S-H transfer to the metal with elimination of substituted
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vinylsilanes (Scheme 1). The insertion—elimination mech-
anism of catalysis has been supported by stoichiometric
reactions of alkene and vinylsilane with Ru-Si, Rh-Si,

Co-Si, and Ru-H bonds (e.g., see eqs 4-9).”'%,b,'713

- SiR, RU-SIR
- — ul-Si + =
Ru-H + =/ p— s 4)
__ SiRs {L
= SlR
Rul-SiRy +_ 3m'““1"“ R5SI wRySI” SRy | (D)
PhH
[RuI—SiRs + >_< e, en Ru—HY )= (6)
H SR,
H  OPr OPr
[Ru]—SiMes + — 4’11000 & [Ru—H + — (7)
H H MesSi
[Rh]—H + _ SMes [Rh]—SiMe; + — @)
50°C, 1.5h

Ph

R ___ _SiEt _ SiEt
r.i. UV, 30h Ph/_/ 3 +F’h/~ 5. Co—cluster(g)

[Col—SiEtys =/

The detailed mechanism of silylative coupling of func-
tionalized alkenes, such as styrene,'°? vinyl alkyl ethers, '3
vinylamides,'* and vinylboronates,'® catalyzed by ruthe-
nium complexes containing the Ru-H or Ru-Si bond
(RUHCI(CO) (PPhy),, RuHCI(CO) (PCys),, RuHCI(CO) (PCys),/
CuCl (1:3), RuCl(SiMe,) (CO) (PPhy),, and RuCl(SiMe,Ph)-
(CO)(PPhy),), has also been subsequently presented.

The mechanism of catalysis of the silylative coupling
versus cross-metathesis has been finally supported by a new
diagnostic tool introduced in 1997,'°" i.e., using mass spectrom-
etry to study the products of deuterated alkene, e.g., styrene,
vinyl alkyl ether, and/or deuterated vinylsilane. For
example, see'’"

[Ru]—H

CgDsg D H_ JH or _gi= ©CsDs D H, H
Sc=c + =€ —RITSEL e o=l (10)
D 7D H SRy o siRy H D

If the reaction occurs via the insertion—elimination mechan-

Cabs. . O H_. H
C=C__+ ©iC_
D! DH I SiRy

[RU=CHR CDs H D H
—_— ,C=C, + LC=C
D SiRy D w (11

ism (silylative coupling), the silylstyrene-d, containing only
a deuterium label in the molecule is formed (e.g., eq 10).
However, if the reaction proceeds according to the metal-
lacarbene mechanisms (cross-metathesis), the process de-
scribed above takes place (eq 11). The gas chromatography-
mass spectrometry (GC-MS) study of the reactions exam-
ined in the first stage (10% of the conversion) shows
the exclusive formation of the silylation product, which
strongly supports the trans-silylation mechanism.

A quantum chemical approach based on density function-
al theory (DFT) calculations has been carried out to examine
the mechanism of SC, leading to ethylene evolution using the
model [Ru]-H/CH,=CHSiMe, system.'® The obtained results
suggest that, depending upon the actual nature of substit-
uents attached to the vinyl moiety or Si atom, the rate-
determining step can be governed by the insertion of an
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FIGURE 2. Multivinylsubstituted organosilicon compounds as products of SC condensation.

alkene into the Ru-Si bond coupled with the silyl moiety migra-
tion from Ru to C atoms or, alternatively, the reverse reaction,
i.e., alkene elimination from the f-silylethyl ruthenium com-
plex (see Scheme 1). In our calculations, optimized using
DFT with a B3LYP basis set on model systems, the energy
barriers were 16.5 and 15.3 kcal/mol for the forward and
reverse reactions, respectively. However, the possibility of
removing gaseous ethylene from the reactive mixture togeth-
er with the entropic factors suggests that the insertion of
alkene that is larger than C,H, is the rate-limiting step
in the silylative coupling of olefins. It also suggests that
the substituents attached to the silicon atom or the carbon
atoms of an alkene by electronic and steric effects may
significantly affect silyl migration and thus the
effectiveness of the catalytic reaction. Interestingly, both
catalytically active species, [Ru]-H and [Ru]-SiMe;, have
similar energy, which agrees well with the experimental
finding that the ruthenium complexes with -H or -SiRy
ligands in the first coordination sphere of ruthenium are
almost equally efficient in the catalytic process.
Rhodium and iridium siloxide complexes, such as [(cod)-
Rh(0OSiMe;)], and [(cod)Ir(OSiMe;)],, as precursors initially
having no M-H have also been tested in the reaction of
styrene and p-styrenes with various vinyl-substituted silicon
compounds.!”®P Some experiments with deuterium-labeled
reagents have shown the exclusive formation of silylstyrene-
d, (see eq 10). Besides, the experiments on the reaction be-
tween d, and styrene dg tested in the presence of the cata-
lytic amounts of both complexes have evidence that the H/D
exchange has taken place via the M—-H/M-D complexes. All
of these experiments' " as well as the experiments performed
previously by Brookhart and co-workers with the use of C;Me;Rh-
(CH,=CHSiMe,),'” have allowed us to propose a general
mechanism of catalysis by rhodium and iridium siloxide
complexes, summarized in Scheme 2 (for a review, see ref
18). The conclusion is that, if the catalysts contain initially
no M-H and M-Si bond, their formation occurs via the
oxidative addition of C;,,—H of alkene to generate the M-H
bond (A — B), followed by coordination and insertion of
vinylsilane to this bond (B — C — D). Next, 5-Si transfer to
the metal in complex D occurs with the elimination of ethyl-
ene (D — E), followed by reductive elimination of substi-
tuted vinylsilane (E — A) and regeneration of the catalyst.

Scheme 2
SiMe
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Q
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Divinyl-substituted silanes, siloxanes, and silazanes also
undergo efficient silylative coupling in similar fasion to
monovinylsilicon compounds. These disubstituted com-
pounds undergo polycondensation to afford linear oligo-
mers or cyclic dimers and trimers containing exo-cyclic
methylene bonds (Scheme 3). The unique feature of this
silylative coupling, distinguishing this reaction from cross-
metathesis, is the formation of a 1,1-bis(silyl)ethene
fragment in given conditions.

In the presence of [RuCl,(CO)s], as a catalyst, trans-
bis(vinylsilyl)ethenes are exclusively formed but [(cod)RhX],
(where X = Cl and OSiMe;) catalyzes mostly the formation
of gem-dimeric products. Ruthenium phosphine complexes
give both types of products. The gem products subsequently
undergo intramolecular ring closure to yield cyclic carbosi-
loxane, carbosilazane and carbosilane. Cyclization has been
also reported to furnish cyclocarbosilanes with one exocyclic
methylene group. Under the optimum conditions, silylative-
coupling (poly)condensation in the presence of ruthenium
complexes containing or generating M-H and/or M-Si
bonds gives linear well-defined (silylene, siloxylene, and
silazanylene) vinylene as well as silylene-vinylene-phenylene
oligomers (for reviews, see refs 3 and 19).
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3. Synthetic Aspects of Silylative-Coupling
Condensation and Polycondensation

The silylative-coupling reaction as an alternative to cross-
metathesis has been successfully applied to the synthesis of
a variety of vinylsubstituted silyl olefins (for reviews, see refs
3 and 19) as well as multivinylsubstituted derivatives, such
as 1,3,5-tris(dimethylvinylsilyl) benzene,?® methylvinylcyclosi-
loxanes,?! octavinylsilsesquioxanes,®* and spherosilicates*
(see Figure 2). Alkenylsilanes, particularly vinyl- and allylsi-
lanes, make a class of organosilicon compounds commonly
used in organic synthesis by providing suitable regio- and
stereoselective routes.?* The lack of toxicity, high chemical
stabilities, and low molecular weight of organosilanes make
them ideal compounds for palladium-catalyzed cross-
coupling with organic halides and pseudohalides.?®

In the course of our recent study of SC cyclization of
divinyl-substituted organosilicon compounds, we have
developed a new facile route for the synthesis of alkyl-,
aryl-, alkenyl-, or alkoxy-substituted 1,1-bis(silyl)ethenes,
which constitutes a specific class of alkenylsilanes (Scheme
4) (for a review, see ref 26).

One-pot silylative-coupling exo-cyclization of 1,2-bis(dim-
ethylvinylsiloxy)ethane followed by the reaction with Grig-
nard reagents leads to the desired 1,1-bis(silyl)ethenes.?”
Such compounds can be efficiently coupled in the presence
of silver nitrate and palladium acetate with aryl or alkenyl
iodides to give the corresponding 1,1-bis(silyl)-2-arylethenes
or 1,1,4-trisubstituted 1,3-butadienes with high yield?® (path-
ways A — B — C in Scheme 4). The easily accessible 1,1-
bis(silyl)-2-arylethenes according to these procedures can be
selectively converted to synthetically useful 1,1-dibromo-2-
arylethenes using N-bromosuccinimide under mild condi-
tions in good yields?® (pathway D).

This de-ethenative silylative-coupling cyclization of divi-
nyl-substituted monomers has also been used as a new facile
and efficient route for the synthesis of dialkenyl- and
dialkenyloxy-substituted 1,1-bis(silyl)ethenes (pathway E).?®
The products have been successfully converted into new
silacyclic (pathway F) or silamacrocyclic (pathway G) olefins
via ring-closing metathesis (RCM), using the first-generation
Grubbs catalyst. The structures of both macrocyclic silaole-
fins have been confirmed using X-ray diffraction.

Scheme 4
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Bis(silyl)alkenes can also be effectively used in the se-
quential procedure for the synthesis of unsymmetrical
stilbenes (pathways H and I) and arylene vinylene polymers
(pathway J) in the palladium-catalyzed Hiyama reaction with
monoiodo- and di-iodoarenes, respectively.?!

A series of (E)-4-chlorostilbenes® (eq 12) and p-substi-
tuted (E)-N-styryl-carbazoles® (eq 13) via sequential silyla-
tive-coupling-Hiyama-coupling reactions have been syn-
thesized in high yield and stereoselectivity. X-ray structures
of the intermediate silylvinylcarbazole as well as some
products have been obtained.??

syt L, Pl <*\
< > Vi /—S|R3 — —@—//_ 34':{‘»)( VAR FRi

SiRy= SHOEt); Si{OEL),Ph R'=H_F, OMe
(12)
O [Ru] (1%) (EtO);Si
NS . SR s ), % _\_
, 105°C,

Q toluene

N J Conv. >89%

Y >00% E

Silylative Coupling

NJ_®7R (1.5% mof; 3% mol Pd)
+—————
R-Ph-, 0.6M. THE
TBAF, 30°C

(E)-products

o

{1.5% mo!; 3% mal Pd)

1.4-1-Ph-I, 0.5M, THF
TBAF, 30°C

Conv. >89% (GC
>99% E.E

Hlyama Coupling
(13)

Conjugated polymers containing silylene and z-electron
moieties are attractive because they afford processable

ASI [Ar— s.JT
Sl [Ar]— Sl
/_Me

Me Me

Si—[Al~si
f@fl\llle Me

optoelectronic materials and the silicon-based spacers inter-
rupting the 7-conjugated chains, resulting in unusual optical
properties.®* The first stereoregular trans-arylene-silylene-vi-
nylene polymers [M,, = 13 100-34 800 and polydispersity
index (PDI) = 1.6-2.9] can be effectively synthesized using
just RuH(CI)(CO)(PCys),-catalyzed SC, i.e., homopolycon-
densation of bis(vinyldimethylsilyl)arenes, cross-polycon-
densation of 4-(vinyldimethylsilyl)styrene, and copolycon-
densation of bis(vinyldimethylsilyl)-arenes with 1,4-divinyl-
benzene.* The structures of these polymers have been
characterized and determined by 'H, '*C, and #°Si nuclear
magnetic resonance (NMR) as well as Fourier transform
infrared (FTIR) spectroscopy (Figure 3). The absence of
fragments with bis-silyl-substituted sp? carbon atoms
(Si,C=CHy,) in the chains of each polymer was also con-
firmed by distortionless enhancement by polarization trans-
fer (DEPT) spectroscopic analysis. SC polycondensation
opens a new synthetic route to regio- and stereoregular
arylene-silylene-vinylene polymers (see also refs 8 and
19).

4. Activation of the Olefinic Carhon—Hydrogen
Bond hy Vinylmetalloid Compounds

As mentioned above, the silylative coupling (trans-
silylation) has become a very valuable synthetic tool in
the preparation of vinyl-substituted molecular and
macromolecular organosilicon compounds. However,
we have recently found that this mode of reactivity
seems to be general and is also exhibited by vinylbor-
onates, vinylgermanes, and perhaps, vinyl derivatives
of other p-block elements.

The general scheme of these reactions is as follows (eq
14):

H_, R
. “H M—-E R',E
\,\ERnJr >_< M-H M-E)
H,“ B \H
(14)

The results of all mechanistic studies in which vinyl-
silicon, vinylboron, and vinylgermanium compounds were
used have indicated that the process proceeds in the

Me

[Ar] SI—/

Me trans-homopolymers

Sl [Ar] Sl

S| [Ar]— Sl

trans-copolymers

FIGURE 3. Stereoregular arylene—silylene-vinylene polymers.
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presence of catalytic species containing initially or gen-
erating in situ M-H and M-E bonds via cleavage of the
=C-E and =C-H bonds of olefins.

trans-Borylation occurs in the presence of RuHCI(CO) (P-
Cys),, according to the nonmetallacarbene mechanism
and leads to the effective formation of the vinylborane

derivative (eq 15).36

R RuHCICO)(PCya),

P
CaMe, 80°C, 3h
Bii) B’ ] B }
o o)

R = CgHs CoHaMo-4, CoH,-Cld, BO,C3Hg

D

(15)

A stoichiometric study on the insertion of olefin into the
Ru-B bond (eq 16) and a new experiment on the insertion
of vinylborane into the Ru-H bond followed by the
formation of the Ru-B bond and evolution of ethylene (eq
17) have been reported and provided convincing evidence
for the nonmetallacarbene mechanism of the reaction
observed.®®

o]
[Ru—E; :@ P o+ D
o] CeDg, 80°C, 24h (R~ Ph-—/_
(16)
Oy
Rul-H+ & (\j
7o N

Oy
Ry} *B_O J}\ /] - =(17)

C¢Ds, B0°C, 240

Ruthenium complexes RuHCI(CO)(PCy;), and RuH-
CI(CO)(PPhy); also catalyze the reaction of vinylgerma-
nium compounds with selected alkenes > (frans-germy-
lation), leading to the effective formation of vinylgermane
derivatives that cannot be obtained via a cross-metathesis

procedure (eq 18).37

GeR'
R'3Ge [Ru-H] e 3
T =1 a4 + =
E(+Z)
18)
R =Ph, p-CIC¢Hy, p-MeCgHy4, (CH2)3Me OBu
R’ = Me, Et

A separate equimolar study on the insertion of vinylger-
mane into the Ru-H (eq 19) bond as well as the insertion
of styrene into Ru-Ge (eq 20) bonds have also supported
the proposed mechanism.

GeMes

RUHCICO)(PPhy); + —~ RuCI(GeMe3)(CO)(PPhs); + —

BE°C. 24h A (19)
- PPh,

Ph Ph
RuCl(GeMe)(CONPPh, .
( HCONPPhs), + — - 0 Gh A ~" "+ RuHCI(CO)(PPhs),

Me;Ge'
(20)

toluene
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It has been assumed that the reaction of vinyl-
substituted sulphur compounds can occur in the same
manner. However, although the stoichiometric study of
the Ru-H complex with vinylsulphides has shown the
pB-sulphur transfer to ruthenium with the evolution of
ethylene, no olefin insertion has been observed in the
next step; therefore, there is no catalytic coupling (eq
21).%8

H S8 ]
CyoPrd co 2 SBu _RUTTY OyPil oo _ZoSMes
CrRuvpC T CI'RU‘PC ——>nmo
! ¥s SBu - = Y3 reaction
Grubbs 2" R'3Si _
R3Si . SR — [

SR

21

The same process is observed for vinyldiphenylphospho-
nate (eq 22).

o]

~
[Rul-H * = “PPh [Ru] f»
’ ) /ﬁlﬁph2 [Ru]Pth
(22)

PPhy

[e]
[Ru]luPh L —F#— no reaction
2

Finally, the general mechanistic scheme of this new
type of trans-metalation involves the insertion of the
vinyl-heteroatom into the M-H bond followed by S-E
transfer with elimination of ethylene and the migratory
insertion of alkenes or the vinylheteroatom compound
(in the case of homocoupling) into the M-E bond
followed by -H elimination to give (organo)(heteroa-
tom)-substituted ethenes (Scheme 5). While in the case
of silicon, boron, and germanium, the total catalytic
cycle proceeds, in the vinyl-S- and vinyl-P-containing
compounds, only a half of this cyclic pathway is noted
and thus, under the conditions studied, no catalysis is
observed.

5. Catalytic Route for Activation of the
sp-Carhon—Hydrogen Bond

Very recently, we have reported a new catalytic
reaction that involves coupling of terminal alkynes
with vinylsilicon compounds to get silylacetylenes.*
This reaction opens a new catalytic route for the acti-
vation of the sp-hybridized C-H bond. As we have
found previously for olefins, this reaction is also
exhibited by vinylgermanes.?® Therefore, the silyl-
ative (and germylative) coupling of alkynes proceeds
in the presence of complexes containing [Ru]-H
or [Ru]-Si and [Ru]-Ge bonds, e.g.,, RuHCI(CO)-
(PCysz), (I), Ru(SiMe;)Cl(CO)(PPhs), (II), and Ru-
(GeEt);CI(CO) (PPhy), (III), leading to the evolu-
tion of ethylene and formation of suitable silyl (or
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Scheme 5
R
p— [TMI—H ER',
R'.E —
R insertion
B-H transfer

and elimination < ,

M= Ru, Rh ER ER,
s ER'
"

B-H transfer

N
ER, [TV~ R
E=Si, B, Ge [TM]_(_‘
R

germyl) derivatives according to the following equation
(eq 23):

ER’3 [Rul () - (1)

— )
R —H o+ 24-48h, toluene

R—=—ER'; ; —
37-100%

E = 8i, Ge; (23)
R = alkyl, cycloalkyl, trialkylsilyl; trialkylgermyl, dimethylphenylsilyl
R' = alkyl, aryl, alkoxyl, siloxyl

[Ru] : [CH,=CHER'3] : [ CH=CR] = 12 x 102: 2-10 : 1

While alkyl, cycloalkyl, and silyl (and germyl) ethynes
were used efficiently in this process, the metalation of
phenylacetylene does not occur. Selected results
show a high yield and selectivity of respective alkynyl-
silanes (germanes) as main or exclusive products (TOF
parameters measured after 0.5 h are equal to 16-58
h™).

Silylation of terminal alkynes by divinylsiloxanes and
divinylsilazanes even at 6- or 10-fold excess of vinyl-
silicon compounds yields exclusively monoalkynylvinyl-
disiloxanes and -disilazanes with high yield and selec-
tivity (eq 24) yet accompanied by a product of homo-
coupling of vinylsilicon substrates.

Me . Me

A S [Rul—H _ Meyx Me

=R+ \ \ 120°C, toluene. 24 N — 5 S S a=—
Me Me Me Me

(24)

To provide evidence for the insertion of alkyne into the
Ru-E bond, the catalysts containing a [Ru]-Si (II) and
[Rul-Ge (III) bond were subjected to an equimolar
reaction with some alkynes, i.e., silylacetylene, germy-
lacetylene, and phenylacetylene, to yield the respective
main insertion product and ruthenium complexes
(identified by GC-MS and 'H NMR) spectroscopy
(Scheme 6). [Ru]-H (IV-VI) complexes are apparently
products of the insertion of acetylenes into the complex
[Rul-ER; in all experiments, but it could be detected at
low temperature only in the case of the insertion of silyl-
and germyl-acetylenes but not phenylacetylene. How-
ever, in the absence of the vinylmetalloid compound,
these complexes are active in the hydrogenation of
acetylene as well as in its respective dimerization or co-
dimerization with styrene as a result of the well-known
reaction catalyzed by ruthenium complexes.*® All of the

B-E transfer
and elimination
E=8i, B, Ge,S,P

[TMI—ER', =

byproducts were detected and identified by GC and
GC-MS. However, in contrast to the equimolar study
under catalytic conditions (100-120 °C), vinylmetalloid,
particularly if added in excess, reacts preferentially with
ruthenium hydride species according to a well-docu-
mented process to yield a [Ru]-E complex and ethylene,
which explains the catalytic activity of both [Ru]-H and
[Rul-E systems in the metallative coupling of alkynes.
Apparently, in the case of phenylacetylene, its reaction
with [Ru]-H proceeds more readily than with [Ru]-E,
giving a vinylene complex and, therefore, there is no
metalation of phenylacetylene under the conditions
studied.

All of the experimental results have allowed us to
propose a reasonable mechanism for the reaction with
the vinylmetalloid compound with terminal acetylenes.
The mechanistic scheme involves an insertion of alkynes
(via a route proposed earlier)*! into the [Ru]-E (E = Si
and Ge) bond followed by g-H elimination to give
substituted alkynes and, subsequently, the well-known
insertion of the vinylmetalloid compound into the
[Rul-H bond followed by $-E elimination of ethylene.
Dissociation of phosphine is postulated to generate the
active Ru catalysts (Scheme 7).

Very recently, we have also found that the activation
of sp-C-H by the vinylsilicon compound also occurs in
the presence of rhodium complexes containing no Rh-H
or Rh-Si bonds initially;4b therefore, presumably, it can
proceed via the respective mechanistic pathway well-
documented for silylation of olefins.?

6. Other Examples of Vinylsilicon Compounds
Acting as Metalation Agents and Hydrogen
Acceptors

Beside catalytic activation of the olefinic and acetylenic
carbon-hydrogen bond by vinylsilicon compounds, a few
examples of their other coupling reactions with C-H and
—O-H occurring in the presence of Rh and Ru complexes
containing or generating M-H bonds have been recently
reported.>™

The catalytic activation of =C-H bond in aromatic
ketones, esters and amines by vinylsilanes has been well-
recognized by Murai et al., but these authors have also
recently reported a Ruy(CO),,-catalyzed de-ethenative
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Scheme 6
PPh
— = pn Cl, | " H
=—Ph _ Ru-H + R;E—==—Fh Ru—Ls ()
not observed
PPh; H
RiE—— + ———Ph + /\Ph + Ph/\/_—Ph
ER;=SiMe; : 5.9 traces 1 1.7
ER3 = GeMes : 22.7 1 : 1.5 : traces
PPh
PPha =—SiEt cl,_| i
C'm,,R| R -20°C - +60°C | =—SiEt, [Ru-H + RE———Sift, — e ;Ru N V)
co” |u 3 CeDsCD3 observed at co” | SiEts
low temperature PPh; H
PPhs
RyE—==—SiElr ==—SiEts+ =~ “§iEt, *+ % “GeEty * Et38iy/\SiEt3
ERj = SiMe;, GeEt;
ER; = SiMe; : 2.7 21 : 1 : — : traces
(I, 1
ER; = GeMe; : 3.8 5.2 : 1 © traces : -
F|>Ph3 H
pr——— Cl//, Vi
= GeEt, [Ru-H + RE—==—GeEt, — GeEty “Ru—X& VD)
e E—
observed at co” | GeEt,
low temperature PPh; H
RsE—==—"GCeEt; + =—GeEts + =~ “GeEt, + 7~ “SiEty * Et;Ge——=—7" = “GeEt;
ER; = SiMe; : 4.7 3.6 : 1 * traces —
ERs; = GeMe; : 15.6 1 : 46 : — : traces

Scheme 7

[Rul-H
R.E-=R
ZER,
H

[Ru]j =R
f° %
[Ru]%ER,n
HH

E=Si, Ge

ER',
H
[Ru]{

R— k [Rul—ER', =

coupling (silylation) of 3-acetylthiophene with trimeth-
ylvinylsilane occurring as follows (eq 25):°

O O
SiMe.
K/TU\M6+ ) 3 Ruy(CO), &Me . —
toluene s” “SiMes
S 115°C, 20h
60-64%

(25)

On the other hand, O-silylation of benzyl alcohol by
vinylsilane occurs in high yield and selectivity in the
presence of a Wilkinson catalyst (eq 26).°

~\/S|Me3
o) H+ =7

RhCI(PPhs)s

P OSIMe; + =
toluene, 100%, 2h

(26)

The proposed mechanism involves an oxidative addition
of alcohol to rhodium to give benzyloxy rhodium(III)
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hydride followed by insertion of vinylsilane into the Rh-H
bond and fg-silyl elimination of the resulting j-silylethyl
rhodium(IIl) complex to give a silyl ether and ethylene.
Our preliminary experiments on the silylation of sil-
anols by vinylsilanes has permitted us to reveal the
following new reaction occurring in the presence of the
ruthenium catalyst and yielding siloxanes and eliminating

ethylene (eq 27):”

ReSi—0-H + —/" & Rujfgfc())z(:: Ko RS—O-SR; + =

toluene (27)

Rs = Pr3 MeyPh, (OSiMes)s ; R'3 = Me,yPh, (OSiMes); Me;

All of the examples mentioned confirm the new role of
vinylsilicon (and presumably other vinyl metalloid com-
pounds) as metalation agents and a hydrogen acceptor.

1. Concluding Remarks and Perspectives

The silylative coupling of olefins well-recognized as an
efficient catalytic activation of the =C-H bond of olefins
and =C-Si bond of organosilicon compounds can be
extended over other metalloids (e.g., B and Ge) as well as
over the activation of other sp?- and sp-hybridized
=Cary~H bonds and/or O-H bonds of alcohols and
silanols.

The mechanism of this new catalytic activation of
=C-H and =C-H bond has been proven to involve the
insertion of vinyl-E into the TM-H (where TM = Ru, Rh,
and Co) bond and $-E transfer to the metal with elimina-
tion of ethylene and generation of a TM-E bond followed
by the insertion of alkene or alkyne into the TM-E bond
and f-H transfer to the metal to eliminate silyl(germyl,
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boryl)ethene or the substituted silyl (germyl)ethyne,
respectively.

If the catalyst (M = Ru, Rh, and Ir) contains initially
no M-H and M-E bonds, their formation occurs via the
oxidative addition of =C-H and =C-H (also —-O-H of the
substrate in the case of alcohols and silanols) to generate
M-H bonds followed by insertion of vinylmetalloid
(CH,=CH-E) compounds to this bond and, next, -E
transfer to the metal with elimination of ethylene followed
by reductive elimination of respective substituted vinyl (or
acetylenic) metalloid compounds (or alkoxysilanes and
siloxanes).

This general catalytic route particularly for the activa-
tion of =C-H as well as =C-E bonds, termed as metalla-
tive coupling (or trans-metalation) (cross-coupling, ring-
closing, and polycondensation), constitutes an efficient
method (complementary to metathesis) for stereo- and
regioselective synthesis of a variety of molecular and
macromolecular compounds of vinyl-E (E = Si, B, and Ge)
as well as ethynyl-E (E = Si and Ge) functionality. Tandem
(i.e., sequential) silylative-coupling—cross-coupling reac-
tions can be used as new efficient routes for the synthesis
of highly 7-conjugated functionalized organic and orga-
nosilicon compounds.

Recent experiments on a catalytic activation of
=C,ry—H, =C-0O-H, and =Si-O-H bonds emphasize that
vinylsilicon compounds function as silylating agents and
hydrogen acceptors. Therefore, in view of all of the results
discussed, this new catalytic route can be in the future
extended to the general catalytic method for metalation
of compounds containing carbon-hydrogen and heteroat-
om-hydrogen bonds by vinylmetalloid compounds.

My warmest thanks are due to the talented co-workers whose
names appear in the references. This work was supported by the
projects of the Ministry of Science and High Education numbers
PBZ-KBN 118/T09/17 and N204 162 32/4248.
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